The reactions of dimethyl ether ions with neutral amino alcohols were examined in both a quadrupole ion trap mass spectrometer and a triple quadrupole mass spectrometer. These ion-molecule reactions produced two types of ions: the protonated species [M + l] S ubstituent effects, which may be due to steric hindrance within a molecule or to electronic interaction between two or more functional groups of a molecule, have been shown to play important roles in the outcome of organic reactions, both in solution [l-4] and in the gas phase [5~8]. In the condensed phase, the nature of the solvent can have a significant effect on the reactivities of molecules [9, 101, whereas these interactions are typically absent in the gas phase. In fact, gas-phase reactions have been studied for ions with varying degrees of solvation, and the results have shown that coordination with even a single solvent molecule substantially changes the chemical properties of the ions [ll]. Thus, more information about the intrinsic behavior of the molecules can be obtained from gas-phase studies [ 121.
S ubstituent effects, which may be due to steric hindrance within a molecule or to electronic interaction between two or more functional groups of a molecule, have been shown to play important roles in the outcome of organic reactions, both in solution [l-4] and in the gas phase [5~8] . In the condensed phase, the nature of the solvent can have a significant effect on the reactivities of molecules [9, 101, whereas these interactions are typically absent in the gas phase. In fact, gas-phase reactions have been studied for ions with varying degrees of solvation, and the results have shown that coordination with even a single solvent molecule substantially changes the chemical properties of the ions [ll] . Thus, more information about the intrinsic behavior of the molecules can be obtained from gas-phase studies [ 121.
Several studies of the gas-phase chemistry of difunctional molecules, such as amino alcohols [13] , dials ]14], diethers [15] , and dicarboxylic acids and their derivatives [16, 171 , have been reported. In these studies, as well as several involving molecular orbital calculations [18, 191 , correlations of the functional group interactions with basicities, ion stabilities, and solution-phase thermodynamics were made. In these cases, the favorabilities of competitive reaction and subsequent dissociation or rearrangement channels showed marked changes with variations in the nature and separation of functional groups within the molecules. For instance, it was noted [ZO] that the extent of dehydration of simple protonated c(, w-amino alcohols was largely dependent on the length of the carbon chain and that internal interactions prevented ammonia loss from compounds with short interfunctional distances. The competitive dehydration and deamination processes were shown to proceed via cyclization of the thermodynamically favored products. Under collision-activated dissociation (CAD) conditions, however, the dominant products were found to be those formed by the pathways of lowest activation energies [20, 211. To date, the majority of gas-phase ion studies concerning functional group interactions have involved the interpretation of fragmentation patterns of openshell ions formed by conventional electron ionization [22-291 or the evaluation of the dissociation of closedshell ions generated by simple proton transfer reactions [30-371. Few studies of the effects of functional groups on more complex ion-molecule or dissociation reactions have been reported. From an analytical perspective, however, an understanding of such effects is critical for the development of more sensitive, selective, and structurally informative chemical ionization techniques and for the interpretation of dissociation patterns of increasingly complex molecules. As an initial effort toward this goal, we undertook a study of the bimolecular and dissociation reactions of amino alcohols and related compounds. In addition to allowing characterization of the fundamental nature of substituent interactions, these studies provided a basis for future evaluations of the gas-phase chemistry of more complex, biologically active amino alcohol systems, such as the antibiotic drugs spectinomycin [38, 391 and kanamycin [40, 411.
The reagent chosen for this preliminary work was dimethyl ether (DME), selected primarily because it was previously shown to have striking functional group selectivity as a chemical ionization reagent for other organic systems [42] . The reactive ions formed are protonated DME, at m/z = 47, and the methoxymethylene cation CH,OCH:, at m/z = 45. Ion-molecule reactions between selected amino alcohols (Ml and these DME ions in an ion trap mass spectrometer or in the conventional source of a triple quadrupole mass spectrometer typically produced formed by simple proton transfer from the reagent ions. To determine the structures of these ions and elucidate mechanisms for their formation, each product ion of interest was examined by CAD [44] . This technique involves selection of a particular ion, followed by acceleration and collision with an inert target gas to induce dissociation of the ion. The fragmentation patterns observed can then be used to aid in the structural characterization of the precursor ion. In some cases, a second stage of CAD was possible and was likewise helpful in the characterization of the fragment ions formed in the first stage of activation. To supplement the information obtained in this manner for the amino alcohols, the analogous bimolecular and dissociation reactions of a variety of amines, diamines, and diols were also studied. In some cases, compounds that suitably modeled the product ions in question were commercially available, and comparisons to authentic structures were made. Finally, we used semiempirical energy calculations to model the thermochemistry of the reactions in question. Although the values obtained are only rough estimates, they provide a reasonable qualitative basis with regard to the energetics of the reactions considered in this study.
Experimental
All organic substrates were purchased from Aldrich Chemical Co. (Milwaukee, WI) (purity 297%) and used without additional purification. DME was obtamed from MG Industries. Ion-molecule reactions were performed in the chemical ionization (CI) source of a Finnigan triple-stage quadrupole mass spectrometer 0) and in a Finnigan ion trap mass spectrometer (ITMS) (Finnigan-MAT, San Jose, CA). The CAD results obtained from both instruments were qualita tively and quantitatively similar; however, the initial abundance of the ion-molecule reaction products was generally greater in the higher pressure source of the triple quadrupole instrument. Because the results from both instruments were similar, the discussion of all other points is based on the results obtained from the ITMS.
For the TSQ experiments, all samples were admitted to the ion source on the tip of a solids probe, absorbed to a small plug of glass wool. The DME reagent gas pressure was typically approximately 1.5 torr. Argon was used as the collision gas in the second quadrupole, and typical pressures were l-2 mtorr. These pressures result in multiple-collision conditions. Collision energies ranged from 1.5 to 7 eV in the laboratory frame. These experiments were performed primarily to demonstrate the probable origin of the [M + 13]+ product ion.
In the ITMS experiments, samples were admitted either through a leak valve or on the tip of a solids probe, and typical sample pressures were 1 X 10e6 ton. The nominal DME pressure was 1 X l@ torr, and helium buffer gas was admitted to 1 mtorr. A low-energy ( 5 70 eV) electron beam was applied for 0.5 ms to ionize the CI reagent, A variable reaction period (O-100 ms) following the ionization pulse was used to allow ion-molecule reactions to occur between the reagent gas ions and the organic substrate. The radiofrequency (rf) voltage applied to the ion trap was typically 300 V,,_,, during these two intervals. A selected ion was then isolated by application of appro priate rf and direct current (dc) electric fields [45] . During this interval, typical dc voltages were -40 to -100 V, applied for 5 ms, and rf voltages were generally 300-900 V,, r), applied at a frequency of 1.1 MHz. The selected ion was then allowed to react for a variable amount of time (10-100 ms) with the neutral species present in the trap, and the resulting products were observed. Alternatively, the isolated ion was activated at its resonant frequency to induce dissociation for further characterization. The supplementary activation voltage used for CAD experiments was generally 0.5 V(r_r, and applied for 5 ms at the axial frequency of the ion (Le., 155 kHz for m/z = 88 at 4, = 0.4). Quantitative information is reported to the nearest 5% to account for the average variation in results. In all cases, at least 100 scans were averaged to obtain the final values.
All thermochemical values that were not available in the literature [46] were estimated by using a combination of molecular modeling and semiempirical calculation methods. The molecular modeling program PCMODEL (version 4.4) and the semlempirical program MOPAC (version 6.0) were purchased from Serena Software (Bloomington, IN1 and run on a Macintosh IIsi personal computer. The semiempirical program AMPAC was run on the University of Texas VAX system. Preliminary structure minimization was structures and the possible mechanisms for their formation were examined. Because two reactive ions are produced from DME, the first step in this mechanistic study was to determine which ion gave rise to the [M + 13]+ ion. Two reactive ions, C,H,O* (1) and C,H,O+ (2) are initially formed when DME is ionized. The ion-ejection capability [45] of the ITMS was used to isolate each of these in turn by ejecting the unwanted ions. They were then each allowed to react with the neutral amino alcohol substrates. Whereas reaction with 1 gives only the protonated substrate, reaction with 2 gives a mixture of a small abundance of [M + l]+ ions and a larger amount of [M + 13]+ product ions. Thus, 2 is the reactive species of interest in this study of the formation of [M + 13]+ ions. 2 
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This result is confirmed by examination of the CAD spectra for the adducts of 2, with the amino alcohols occurring at [M + 45]+. In the quadrupole ion trap, this adduct is typically not seen, presumably because it is too energetic to survive and spontaneously fragments to a more stable product ion; however, in the higher pressure source of the TSQ, the [M + 45]+ adducts are adequately collisionally stabilized prior to dissociation and can be further analyzed by CAD. As expected, mass selection followed by collisional activation of the [ In accord with these results, two mechanisms for the formation of the [M + 13]+ ion are proposed. Although the structures are shown specifically for 3-amino-1-propanol (31, analogous mechanisms can be written for all of the compounds studied. The following reaction depicts the formation of the [M + 45]+ collision complex 4, which is presumed to be one possible precursor for the final product ion of interest:
From there, two different paths can be envisioned for its dissociation to the [M + 13]+ product (Scheme I). Both involve nucleophilic interaction of the basic sites of the amino alcohol with the positively polarized carbon atom of the 45* ion 2. Path A describes one route in which the nitrogen atom attacks the positively polarized carbon atom of 2, resulting in the covalently bound species 5a. A similar path can be written in which all steps are the same, except that the attacking site is the oxygen atom (path B), and the structure obtained is 5b rather than 5a. Intramolecular proton transfer within 5 then gives 6, from which methanol is eliminated, giving the [M + 13]+ ion 7. Listed in Table 2 Table 2 requires particular comment. In all cases, including that of Z_(dimethylamino)ethanol, the lowest energy [M + 45]+ adduct is the one formed by addition at the nitrogen site; however, as will be shown, the elimination of methanol from the 2-(dimethylamino)ethanol adduct cannot occur without extensive rearrangement, and the [M + 13J' product ion thus cannot form.
The heats of formation for the [M + 45]+ adducts are considerably lower than those for the final [M + 13]+ product ions (see Table 2 ). This is consistent with the previous assertion that the [M + 45J+ ions are too internany energetic to survive in the ion trap. The formation reactions for these [M + 45]+ adducts are exothermic by 30-80 kcal/mol (see Table Z ), and the excess energy resulting from the reactive collision remains in the adduct as internal energy, Unlike substrates with high internal energy in the condensed phase, where the solvent can act as an energy sink, high-energy ions in the gas phase must relax by other means. One common mechanism in the ion trap is collisional cooling, in which the energetic ion undergoes a series of deactivating collisions with a neutral buffer gas. In the case of the [M + 45]+ ions, this cooling effect is not efficient enough to remove the large amount of excess energy, and the ions spontaneously dissociate before they can lower their internal 1 See Table 9 and corresponding discussion for a more complete Table 2 ),3 this reaction invariably occurs. As shown in the last column of Table 2 , the overall reactions between the neutral amino alcohol substrates and the 45+ ion of DME are exothermic by 22-55 kcal/mol. An energy diagram for the reaction of 3-amino-l-propanol with the 45* ion of DME is shown in Figure 2 and summarizes these points.
Competition Between Reaction Sites
Preliminary investigation of the competition between the two reactive sites was accomplished by studying the reactive properties of a series of compounds in which the functional groups were modified. First, three compounds in which the amine group is increasingly substituted was examined. Although the difference between 2-amino-I-ethanol (81, 2-(methylamino)-lethanol (9), and 2-(dimethylamino)-l-ethanol (10) is only in the degree of substitution, this difference was expected to dramatically change the product distribution of the reaction. In simple amino alcohol systems, the nitrogen atom is the most likely site of addition because of its high nucleophilicity [47] ; however, if the amine functionality is altered so that the nitrogen addition route be- comes less favored, the extent of competition between the two paths will change. Although the resulting oxygen site addition product ions would still be observed at a mass-to-charge ratio of [M + 13]+, these effects should be manifested as differences in the favored dissociation pathways followed by the collisionally activated product ions.
The increasing substitution should cause the nitrogen atom to be more nucleophilic, but the added steric bulk of 9 is predicted to entropically disfavor reaction at the amine site. Thus, the distribution between the two possible products should shift to favor the oxygen site addition product, corresponding to 7b. In fact, on the basis of the proposed mechanisms, the highly hindered N,N-disubstituted compound 10 would be expected to give exclusively the oxygen addition product. In addition to the steric effect mentioned above, elimination of methanol from the nitrogen site The fact that water loss is the predominant fragmentation pathway for the adduct of 8 indicates that the primary site of the reaction of 8 with the DME ion 2 is the nitrogen atom and that the operative mechanism is thus the one described in path A of Scheme I. Unless significant rearrangement of the ion occurs prior to fragmentation, the loss of water cannot occur from the oxygen site [M + 13]+ product ion. The hydroxyl group must be free to accept a proton, forming a hydronium ion that is easily cleaved to give the dehydration product. Therefore, the predominant form of the [M + 13]+ product of 8 is the nitrogen site addition product lla rather than llb. Loss of formaldehyde, on the other hand, is most easily explained by direct cleavage of the carbon-oxygen bond of llb. It should be noted that the same loss can occur from lla by a different mechanism that involves a 1,5-hydride shift from the oxygen atom to the olefinic carbon atom (see below, Scheme IVb and corresponding discussion); however, this rearrangement is expected to have a much higher energy barrier than the simple loss of water and is not likely to significantly contribute to the dissociation of the ions. The relative abundance of the ion resulting from loss of formaldehyde, which ap- that the structures are able to interconvert by the mechanism shown in Scheme ITI is reduced by the less energetically favored cyclization of the nitrogen site [M + 13]+ ions necessary to form 19b.
Likewise, the values for the acyclic oxygen site addition products were difficult to obtain because their structures consistently cyclized during optimization (see Table 3 ); however, in these cases values could be obtained by using the fully extended structure for the calculation. It must be noted that because the extended form provides only a local energy minimum, no quantitative conclusions can be drawn from this information. These values are considerably higher than those for the cyclic structure, and any oxygen site [M + 13]+ product ions formed are thus expected to exist as cyclic ions. Also, contrary to the conclusions presented for the nitrogen site product ions, the conversion of oxygen site [M + 13]+ ions to their nitrogen site counterparts is facilitated by the predominance of the cyclic species corresponding to 19b.
According to these results, it seems that the predominant form of the [M + 13]+ ion remains the nitrogen site addition product, even under thermodynamic control. Although competition between nitrogen and oxygen reaction sites is important for amino alcohol systems with substituted amino groups, the simple primary ammo alcohol systems used in this study are expected to react primarily via the nitrogen addition path, as illustrated in path A of Scheme I. Likewise, in most cases, the dissociation of their addition products is predicted to follow the trends expected for only the nitrogen site [M + 13]+ ions.
Collision-Activated Dissociation of LM + 131+ Ions
Collision-activated dissociation of the [M + 13]+ ions yields spectra containing many structurally diagnostic fragments. Three of these fragments are observed for a majority of the products studied. These are loss of water, loss of formaldehyde, and formation of a common fragment at m/z 44. The relative abundances of these ions as observed in the quadrupole ion trap are listed in Table 4 . Included in Table 4 is the combined relative abundance of all additional fragments.
Formation of 44+. The formation of the 44+ fragment is most easily explained by rearrangement of the nitrogen-substituted [M + 13]+ ion, but several different routes must be considered (Scheme IV). Whereas for 2-amino-l-ethanol, two different pathways can be envisaged, only one rearrangement route seems feasible for the other amino alcohols.
Path A of Scheme IV describes one of the proposed mechanisms for the formation of the 44+ ion, the one favored for the longer chain amino alcohols. Pre-22b 2Ib
Scheme IV.
Formation of the 44+ fragment ion alcohol (entries l-3) and 2-amino-l-ethanol (entry 5) products are similar, but no dehydration peak is observed at all for the 3-amino-1-propanol ion (entry 4). This can be attributed to two main factors: the favorability of the proton transfer step and the degree of interaction between the nitrogen atom lone pair and the developing positive charge on the carbon atom bearing the group leaving. These effects are illustrated in Scheme V. The proton transfer step for the dehydration reaction of the [M + 13]+ ions of all of these compounds most likely involves the loosely bound proton-bridged structure corresponding to 7, rather than the covalently bound cyclic structure having the general form of 19. Thus, the more the equilibrium between the two alternate structures favors the covalent form, the lower the favorability of the dehydration reaction will be.
The cleavage step of the reaction is presumably the more important in determining the final product dis tribution. The favorability of the carbon-oxygen bond cleavage after proton transfer presumably depends on the degree of assistance from a nearby electron-donating substituent [48] . Interaction between the nitrogen atom and the nascent positive charge stabilizes the transition state and facilitates the dehydration reaction. Therefore, this pathway should be observed to a greater extent for ions that allow for more favorable functional group interaction. The absence of the dehydration fragment from the CAD spectrum of 7 can be rationalized by the fact that even though the proton transfer reaction occurs to a significant extent, interaction of the nitrogen atom with the developing positive center would necessarily be a four-membered ring, as in 24. Thus, bond cleavage to 25 is not expected to happen readily. Conversely, the CAD spectrum of the 5-amino-1-pentanol [M + 13]+ ion 27 shows a large amount of the dehydration product. A highly stable six-membered ring transition state 28 is formed, and dehydration to 29 is favored.
Studies on Related Systems
To support our conclusions, simiiar experiments were performed on related compounds. Several generalizations can be made concerning the reactions of various amines, diamines, alcohols, and dials with DME ions, and these can be related to the bimolecular reactivity and dissociative properties of the amino alcohols examined.
Results from our laboratory of more extensive studies of simple alcohols and diols are reported elsewhere [43] . In connection with the present work, several additional experiments were performed. Two simple alcohols, 1-butanol and 1-propanol, were found to give only protonation on reaction with DME ions. In both cases, sample and reagent pressures and ionization and reaction times were independently and collectively varied to promote [M + 13]+ formation, but no 
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Studies with monofunctional amines yielded very different results. Whereas the simple alcohols do not exhibit any reaction other than protonation in the presence of DME ions, ethylamine, propylamine, and butylamine all give significant amounts of [M + 13]+ product ions. In addition, the only fragmentation pathway observed for these product ions on collisional activation is the formation of an ion at m/z 44. These observations confirm several points concluded from the study of amino alcohols.
First, the fact that [M + 13]+ formation occurs with simple amines and not with monofunctional alcohols indicates that the primary reactive group of the amino alcohols is indeed the amine functionality. Whereas assistance from a nearby nucleophilic substituent is necessary for reaction to occur at a hydroxy site [43] , such assistance is not required for the same reaction at an amine site. Second, the exclusive fragmentation of the amine [M + 13]+ ions to 44+, even without the presence of a hydroxyl group within the molecule, once again indicates that the oxygen functionality is often a spectator and that the amine group is the site with dominant reactivity.
Likewise, the behavior of the diamines contrasts sharply with that of the diols. As observed for a majority of the diols [43], the predominant product obtained for the reactions of 1,2-diaminoethane, 1,3-diaminopropane, 1,4_diaminobutane, 1,5-diaminopentane, and 1,2_diaminopropane with DME ions is the protonated molecule; however, another product at [M -4]* is also typically observed. This product is presumed to arise from spontaneous loss of ammonia from the [M + 13]+ product ion. In fact, the CAD spectrum of each [M + 13]+ ion shows only one fragment, corresponding to loss of ammonia. For further elucidation, the [M + 13 -17]+ ion for 1,4-diaminobutane was isolated and energized in a second activation step, and its CAD spectrum was recorded. Only two fragments are observed: loss of ethylene and loss of 42 u. These two fragments are observed in the same relative abundance in the CAD spectrum of the original [M -4]+ reaction product for the same compound. Thus, the initial assumption that this ion arises from spontaneous deamination of the [M + 13]+ ion is supported.
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